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ABSTRACT 
Removal of Arsenic and Strontium from Aqueous Solution Using Iron-Oxide 
Coated Zeolitized Tuff 
 
by  
 
Nataliya V. Kasimtseva 
 
Dr. Charalambos Papelis, Examination Committee Chair  
Water Resources Management Program 
University of Nevada, Las Vegas 
 As world population grows so does the demand for safe drinking water. 
Meanwhile water resources become increasingly scarce and quality of natural water 
decreases due to a combination of natural and anthropogenic factors. Industry and 
agriculture have become a premiere source of hazardous constituents, along with natural 
processes such as rock weathering and volcanic eruptions. Our ability to remove 
hazardous constituents from water depends on chosen technology and nature of 
contaminant.  Sorption and ion-exchange have been widely applied for water 
purification. Natural zeolites have been widely applied in water and waste water 
treatment as  ion-exchangers for removal of harmful contaminants from water. Most 
technologies that use natural zeolites are based on the unique cation-exchange behavior 
of zeolites, thus making this sorbent limited to cation removal. Coating iron-oxide onto 
particles with natural affinity for cations (such as zeolites) and high surface area provides 
for an effective sorption media with the application for both cationic and anionic 
contaminants from water. 
 It was proposed that modification of natural zeolitized tuff according to 
techniques, previously tested on sand, would enhance anion removal capacity of the 
media and the coating would not adversely impact cation exchange capacity. Arsenic and 
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strontium are commonly found in water supplies, and therefore are selected for this study 
to represent oxyanions and cations, respectively, in water systems. Natural zeolitized tuff 
was modified according to previously published techniques, and natural and modified 
particles were characterized using X-ray Diffraction (XRD), Scanning Electron 
Microscopy (SEM) and cation-exchange capacity (CEC) was determined by ammonium 
saturation method.  Sorption behavior of Ar (V) and Sr (II) was examined batchwise as 
a function of pH, ionic strength and the concentration of ion of interest. Residual 
concentrations of As (V) and Sr (II) in the solution were determined by GFAA and ICP.  
 Sorption studies revealed that application of iron-coating increased As (V) 
removal capacity of natural zeolitized tuff up to 100%, specifically in lower (1x10-6 M) 
concentrations and acidic pH. Iron-coating did not results in significant changes in 
cation-removal capacity as both natural and modified zeolitized tuffs showed similar 
cation-removal capacity in identical experimental conditions.  
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CHAPTER 1  
INTRODUCTION 
The world is faced with an increasing demand for safe drinking water, and thus 
for removal of contaminants from municipal, agricultural, and industrial wastewaters.  
The availability of good water quality sources is decreasing, placing higher expectations 
on water treatment processes.  Treatment is required to bring water in compliance with 
drinking water standards. Depending on the source, water may have varying amounts of 
impurities, including microbiological contamination (viruses, protozoa, and bacteria), 
organic, and inorganic compounds. Certain inorganic compounds such as metals and 
metalloids may present severe health risks for humans and other living organisms.  
Metals are introduced into aquatic systems as a result of the weathering of soils 
and rocks, from volcanic eruption, from a variety of human activities involving mining, 
processing, or use and disposal of metal containing substances. In elevated concentrations 
all metals, including essential metal micronutrients, are toxic to aquatic organisms, as 
well as humans.  In the USA, the maximum permissible concentrations of certain metals 
in drinking water supply is regulated by the U.S. Environmental Protection Agency 
(EPA) for protection of human health (Laws 1993).  
Conventional drinking water treatment processes such as coagulation, 
flocculation, and sedimentation have a number of limitations due to cost and energy 
efficiency, leaving an area of improvement for development of innovative techniques that 
would be simple, low cost, and use reclaimable material.  
Natural zeolite minerals have been used in water and waste water treatment as  
ion-exchangers for removal of harmful contaminants from water, including radioactive 
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cations such as Cs+, Sr2+ as well as heavy-metal cations such as Cu2+, Cd2+ and Pb2+ (eg. 
Kallo 2001). Most technologies that use natural zeolites are based on the unique cation-
exchange behavior of zeolites through which dissolved cations are removed from water 
by exchanging with cations on zeolitized exchange sites (Pabalan and Bertetti 2001). 
Zeolite minerals are crystalline, hydrated aluminosilicates of alkali and alkaline 
earth cations. They are characterized by an ability to hydrate and dehydrate reversibly 
and to exchange some of their constituent cations with aqueous solutions without major 
change in structure (eg. Pabalan and Bertetti 2001). Zeolites consist of a three-
dimensional framework of (Si, Al)O4 tetrahedra, where all oxygen atoms are shared with 
adjacent tetrahedra. The presence of Al3+ in place of Si4+ in the structure gives rise to a 
deficiency of positive charge in the framework. The net negative charge is balanced by 
cations, principally Na+, K+, and Ca2+, less frequently Li+, Mg2+, Sr2+, and Ba+. Zeolite 
structures are remarkably open, and void volumes of dehydrated zeolites are known to be 
at almost 50% of total volume (eg. Pabalan and Bertetti 2001). Natural zeolite minerals 
are often found in form of anhedral masses/tuffs consolidated with other minerals, 
including clays, silica, hematite, or quartz (Sloop 1998).  
Iron-oxides have also proved to be an effective sorbent for removal of various 
constituents from water. Iron oxides have high adsorption capacity due the characteristics 
such as high surface area and surface charge, as well as high affinity towards metals and 
metalloids. Iron oxides are mostly available in fine powders and generated in aqueous 
suspensions as hydroxide floc or gel. When used by themselves, iron-oxides are difficult 
to remove from water after adsorption and thus need to be placed as a coating onto 
particles to provide mechanical stability (Thirunavukkarasu et al. 2003, Hsu et al. 2008). 
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Iron-coated particulate matter can remove multiple contaminates from water (Benjamin et 
al. 1996, Lo 1997, Bailey 1999, Lai 2001, Hsu et al. 2008). Previous studies reveal that 
iron-oxides have an affinity for surface complex formation with silicates and sand coated 
with well-defined iron oxides provides a useful model system for studying adsorption and 
dissolution reactions with the iron oxide in a mechanically stable form (Schwertmann et 
al. 2000).  
 Coating iron-oxide onto particles with natural affinity for cations (such as 
zeolites) and high surface area may provide an effective sorption media with the 
application for both cationic and anionic contaminants from water.  Natural zeolites with 
iron-oxide coating proved to be an effective sorption media for removal of multiple 
constituents from wate,r including heavy metals (Menhaje-Bena et al. 2004, Doula 2006, 
Vaclavikova et al. 2008, Doula 2009, Jeon et al. 2009). The advantages of modified 
zeolites result from their natural characteristics such as high surface area and cation-
exchange capacity as well as adsorption properties of iron-oxides such as high affinity for 
anionic constituents (Schwertmann et al. 2000, Bish et al. 2001).  
 
Constituents of Interest: Arsenic and Strontium 
 Arsenic and strontium are widespread throughout our environment. Arsenic is 
found in elevated concentrations in ground and surface water in many parts of the world, 
(eg. Bangladesh, Japan, certain areas of the U.S.), creating the need for save and effective 
water purification methods (MWH, 2005). Strontium in its radioactive form is often 
found in nuclear test sites and other locations associated with nuclear tests and waste 
storage. Radioactive strontium has negative health implications and thus it is very 
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important to have tools to reduce human exposure to this constituent, including exposure 
thought drinking water. Both Ar and Sr have known to be cause adverse health impact 
thus it is important to study the ways to remove these constituents from drinking water. 
Therefore Ar and Sr were selected for this study to represent oxyanions and cations, 
respectively, in water systems.  
 Arsenic is frequently present in natural water systems. It is present in natural 
terrain, discharged from agricultural activities, and industrial wastes. Inorganic arsenic in 
water is usually found in trivalent and pentavalent oxidation states: Long term exposure 
to arsenic contaminated water causes serious health problems such as liver, lung, kidney, 
bladder, skin and nerve tissue damage. Arsenic contamination is a challenge in many 
parts of the world including the western United States due to its adverse effect on human 
health and environment (Roberts et al. 2004, Hsu et al. 2008, Jeon et al. 2009). In 2001 
EPA strengthened standards against arsenic in drinking water replacing the old standard 
of 50 ppb with a new standard of 10 ppb.  
 Strontium is a naturally occurring alkaline earth metal that is common in marine 
systems and crustal materials. It occurs primarily as the carbonate strontianite (SrCO3) or 
sulfate celestite (SrSO4). Radioactive Sr (90Sr) is frequently found at nuclear waste 
repositories and nuclear weapon test sites (Sloop 1998, Um and Papelis 2004). 
Radioactive 90Sr is chemically similar to calcium (Ca) and therefore can replace cations 
of Ca2+ in human body and accumulate in bone tissue. Bone and adjacent soft tissue may 
be damaged by radiation released over time. The exposure to Sr may also result in 
reduction of blood cell counts, as observed in humans who received injections of 
radioactive strontium as a part of cancer treatment (Public Health Service, 2007).  
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Objectives and Hypotheses 
The overall objective of this study was to examine the cation and anion exchange 
properties of iron-coated zeolitized tuff as an adsorbent, specifically the ability of the 
modified zeolites to remove both anions, such as oxyanions of arsenic (As), as well as 
cations, such as strontium (Sr) from water. Specific objectives included: 
1. Modification of natural zeolitized tuff with iron-oxide.  
2. Examination and comparison of particle characteristics of natural and 
modified zeolitized tuff.  
3. Examination of ion-exchange and sorption properties of modified 
zeolitized tuff.  
4. Comparison of performance of modified and non-modified zeolitized tuffs 
for cation and anion removal.  
 These objectives were designed to test two hypotheses:  
1. Iron oxide coating applied onto zeolitized tuff will enhance anion removal 
capacity of the media, due to the anion sorption capacity of the coating and 
cation-exchange capacity of the natural zeolite.   
2. Iron oxide coating techniques applied to sands will be suitable for zeolitized tuff, 
due to the affinity of iron-oxide for surface complex formation with silicates. 
Increase in anion sorption capacity will not adversely impact the cation sorption 
capacity, due to the porous structure of the zeolite particles not all cation-
exchange sites will be coated with iron-oxide, in addition to the cation sorption 
capacity of the iron coating. 
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Thesis Organization 
 Following this introduction a review of relevant background information is 
presented in Chapter 2. Chapter 3 provides description of an adsorbent (natural zeolitized 
tuff), coating techniques, background information on particle characterization methods, 
and description of the sorption studies. Chapter 4 contains results and discussion and 
consists of two parts: Part 1 describes sample characteristics, while Part 2 introduces 
results of sorption studies in terms of initial hypotheses and research objectives. 
Summary, conclusions, and recommendations for future research are discussed in 
Chapter 5. 
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CHAPTER 2 
BACKGROUND INFORMATION 
 The topics that are pertinent to rewire in this study include: metals and metalloids 
present in water, treatment technologies for water purification, and natural zeolites in 
their application to water treatment. Recent results of application of iron-coating onto 
particulate matter and review of recently published results of effectiveness of iron-oxide 
coated zeolites for water purification are also discussed in this chapter.  
 
Metals and Metalloids in Water: Natural Occurrence and Impact on Water Quality 
 Surface and groundwater are among the environmental systems most vulnerable 
to contamination, due to multiple points of contact with rocks, soils, and air.  Metals are 
introduced into aquatic systems as a result of: weathering of soils and rocks, from 
volcanic eruptions, from a variety of human activities involving mining, processing, or 
use of metal containing substances. Most metals (unlike metalloids) have low solubility 
in water with a neutral to basic pH, and are frequently adsorbed rapidly to particulate 
matter or assimilated by living organisms (Laws 1993). Most metals, including essential 
metal micronutrients, are toxic to aquatic organisms, as well as humans in elevated 
concentrations.  In the United States of America the maximum permissible concentrations 
of certain metals in water supply is regulated by the U.S. Environmental Protection 
Agency (EPA) for the protection of human health (Laws 1993).  
 Arsenic (As) is a naturally occurring element that is chemically classified as a 
metalloid, and it is widely distributed in natural environments. Paths of entry include 
volcanic ash and weathering of the arsenic-containing minerals. Usually, As is found in 
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the environment combined with other elements – inorganic As exists in combinations 
with elements such as oxygen, sulfur, and chlorine, whereas As combined with carbon 
and hydrogen is referred to as organic arsenic. Inorganic arsenic occurs naturally in soil 
and rocks, particularly in copper and lead containing minerals and ores. In industry, 
arsenic compounds have been used as a preservative for wood, and as pesticides.   
 Arsenic enters surface and ground water from weathering of rocks, discharges 
from agricultural activities and mining, smelting and industrial wastes. Inorganic arsenic 
is found in water in trivalent and pentavalent forms.-A brief review of arsenic speciation 
under various pH conditions is useful in understanding the processes for arsenic removal. 
Speciation of arsenic is shown in Figure 1.  
 
 
Figure 5 The Eh-pH diagram for aqueous arsenic species in the system As-H2O at 23oC 
and total arsenic 0.1 mole/L (from Muller et al. 2010). 
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 According to MWH (2005), pentavalent As has been known to have a higher 
affinity to sorption therefore is easier to remove from water, while trivalent arsenic needs 
to be oxidized to As (V). According to a survey of the U.S Department of Health and 
Human Service, the concentration of arsenic in natural surface and groundwater is 
generally about 1 ppb, but may exceed 1000 ppb due to contamination, or where arsenic 
levels in natural terrain are high (U.S Department of Health and Human Services 2007). 
Arsenic contamination is a challenge in many parts of the world including western United 
States due to its adverse effect on human health and environment. (eg. Roberts et al. 
2004, Hsu et al. 2008, Jeon et al. 2009). Long-term exposure to As contaminated water 
causes liver, lung, kidney, bladder, skin and nerve tissue damage (Public Health Service 
2007). The EPA has determined that inorganic As is carcinogenic to humans, and has an 
adverse effect on human health in high concentration. In 2001 EPA strengthened 
standards against As in drinking water, replacing the old standard of 50 ppb with a new 
standard of 10 ppb (Public Health Service 2007). 
 Strontium (Sr) is a naturally occurring alkaline earth metal present in the earth’s 
crust. Strontium exists in two oxidation states: 0 and +2. Natural strontium exists in the 
form of four stable isotopes: 84Sr, 86Sr, 87Sr, and 88Sr that are harmless to human health. 
However, strontium also exists in radioactive forms, which have an adverse effect on 
human health. Radioactive strontium (90Sr) is the most hazardous of the radioactive 
isotopes of strontium, is frequently found at nuclear waste repositories and nuclear 
weapon test sites (eg. Sloop 1998, Um and Papelis 2004). Radioactive 90Sr is chemically 
similar to calcium (Ca) and can replace cations of Ca2+ in human body, with serious 
health implications.  
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Survey of Methods to Remove Metallic Ions from Water 
 Technologies applied for metal ion removal include: coagulation and filtration, 
chemical precipitation, air oxidation, and ion exchange. Detailed description of these 
technologies can be found in numerous reviews and papers (eg. Bailey 1999, Vaaramaa 
and Lehto 2003, Wickramasinghe et al. 2004, Mohan and Pittman 2007). Most of these 
methods are either cost/time inefficient, or generate large amounts of waste that needs to 
be recycled or disposed. One of the promising solutions could be an effective sorbent that 
has high sorption capacity and is cost effective. Potentially low cost sorbents that have 
been employed for water treatment are clay, bark, chitosan, zeolites, as well as less 
common ones, such as seaweed biomass (eg. Bailey 1999, MWH 2005, San Miguel et al. 
2006, Genc-Fuhrman et al. 2007, Bedelean et al. 2009). 
 
Zeolites 
Zeolites are widely employed as sorbents due to their high surface area and 
exceptional cation-exchange capacity. Zeolite minerals are crystalline, hydrated 
aluminosilicates of alkali and alkaline earth cations characterized by an ability to hydrate 
and dehydrate reversibly and to exchange some of their constituent cations with aqueous 
solutions without major change in structure (Pabalan and Bertetti 2001). Natural zeolite 
minerals are finely crystalline (occur as microscopic or submicroscopic crystals), and are 
often found in form of anhedral masses/tuffs consolidated with other minerals, including 
clays, silica, hematite, or quartz (Sloop 1998).  
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Minerology and Chemical Composition 
 Zeolites consist of a three-dimensional framework of (Si, Al)O4 tetrahedra where 
all oxygen atoms of each tetrahedron are shared with adjacent tetrahedra. The chemical 
formulas of zeolites are similar to the feldspars with the addition of H2O: 
(Li, K, Na)a(Mg, Ca, Sr, Ba)d[Al(a+2d)Sin-(a-2d)O2n] · mH2O,  
where the part in brackets represents framework atoms and the part in parentheses 
represents extra framework or exchangeable ions. The symbols “a”, “n”, and “d” reflect 
the composition of the zeolite species and “m” is usually less than or equal to “n” 
(Gottardi 1985).   
 The presence of Al3+ in place of Si4+ in the structure gives rise to a deficiency of 
positive charge in the framework. The net negative charge is balanced by cations, 
principally Na+, K+, and Ca2+, less frequently Li+, Mg2+, Sr2+, and Ba+. Zeolite structures 
are remarkably open, and void volumes of dehydrated zeolites are known to be at almost 
50% of total volume (eg. Pabalan and Bertetti 2001).  
Properties 
 Zeolites are often referred to as molecular sieves due to their open framework 
structure and pore sizes  of molecular dimensions. They are also known for large surface 
area and cation-exchange capacity, both of which contribute to their sorption capacity.  
Zeolite cation-exchange capacity has been reported to be up to 4.6 meq/g which is very 
high compared to clay minerals (maximum CEC of 1.0 meq/g). Channel configuration 
and dimensions (the framework topology), ion size and shape (polarizability), ionic 
charge and concentration of external electrolyte solution can impact the  ion-exchange 
behavior of zeolites (Pabalan and Bertetti 2001).  
12 
 
Formation and Occurrence 
Zeolites are among the authigenic silicate minerals that occur in sedimentary 
rocks, particularly during burial diagenesis, but they are especially abundant in vitric tuff 
(Hay and Sheppard 2001). Zeolites can originate from a number of precursor materials 
including volcanic and impact glasses, aluminosilicate materials, including other zeolites, 
smectite, kaolinite, feldspars, and feldspathoids. The most important requirement for 
zeolite formation is a high activity ratio of (Na++K++Ca2+)/H+. Thus, zeolites are 
formed principally in alkaline environments and the highest concentration of relatively 
pure zeolites is found mainly in the deposits of saline and highly alkaline lakes (pH = 9.5-
10). Temperature also plays an important role in zeolite formation, with reaction rates 
increasing by higher temperatures.  
Use of Zeolites in Water Purification 
 Most technologies that use natural zeolites are based on high cation-exchange 
capacity. These technologies include, but are not limited to municipal and agricultural 
wastewater treatment, industrial wastewater treatment, and metal effluent treatment 
applications (Bailey 1999, Kallo 2001, Mohan and Pittman 2007).  
Several studies have been published on the use of zeolitized tuff (clinoptilolite-
rich rock) for removing NH4+ from water (Gaspard et al. 1983, Kang 1999). Zeolites have 
been applied as ion exchangers for removal of radioactive cations such as Cs+ and Sr2+  
(Faghihian 1999, Kallo 2001, Um and Papelis 2003, Um and Papelis 2004). Sorption of 
heavy metal cations, such as Mn, Pb, Cd, Zn, Cs, and Cu has been intensively studied for 
decades (Zamzow et al. 1990, Zamzow and Murphy 1992, Kallo 2001, Doula 2006, 
Baker et al. 2009). Applicability of natural zeolites for anion removal has been studied 
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less extensively and the reported results reveal that natural zeolites have zero (Zamzow et 
al. 1990, Zamzow and Murphy 1992) to very little affinity for anions or oxyanions such 
as arsenic (Mohan and Pittman 2007).  
 
Improvement of Adsorbents through Addition of an Iron-Oxide Coating 
Zero valent iron and iron-oxides have been actively investigated for heavy metal 
and metalloids removal applications. Several papers have been recently published on the 
properties of zero valent iron as sorbent for As removal (Zhu et al. 2009, Dickinson and 
Scott 2010, Gibert et al. 2010, Lee et al. 2010) reporting that the key characteristics 
enhancing sorption are high surface area and high affinity towards anions.  Sorption on 
ferric oxides has been reported to be an effective process for As removal from waters and 
wastewaters (Leupin et al. 2005, Mohan, 2007). Efficient heavy metal removal by 
coagulation and flocculation techniques that use iron salts (ferric chloride, ferric sulfate, 
and ferrous sulfate) have been documented by number of researchers (eg. Mohan et al. 
2007, Mamindy-Pajany, 2009, Baskan, 2010). Ferric chloride was reported to be the most 
effective and economic coagulant type, because it requires lower amounts then other iron 
salt techniques and produces minimum residual iron (Baskan, 2010). 
Nevertheless, iron oxides have some limitations. They are not suitable to serve as 
filter media due to their low hydraulic conductivity (Theis et al. 1988, Theis et al. 1992).  
Indeed, water treated with pure zero valent iron or different forms of iron-oxides has to 
undergo further purification procedures (eg. filtration of coagulant) to remove the iron 
residues from the water (Lai, 1999; Baskan, 2010). In addition, procedures that use pure 
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iron adsorbents require fairly large amounts of the media, which results in high treatment 
cost.  
A successful alternative to using pure iron adsorbents is the utilization of granular 
media such as sand, activated carbon, zeolites, and cement coated with iron-oxides 
(Payne et al. 2005, Mohan et al. 2007). Iron-impregnated activated alumina, iron-loaded 
chelatin resin and silica gel modified with ferric chloride are listed as adsorbents for 
heavy metals used in various application including drinking water, and wastewater 
purification (Mohan et al. 2007). Iron-oxide application has also been tested on polymeric 
materials (Katsoyiannis and Zouboulis 2002) that were reported to be capable of 
removing As from contaminated water sources to levels less than EPA drinking water 
standard of 10 ppb of As.  
 
Previous Studies on Coating of Zeolites 
 Studies by Han (2006), Jeon et al. (2009) and Menhaje-Bena et al. (2004) show 
that iron-oxide coated zeolites can be used as effective sorbent for Cu (II), Pb (II), and As 
(V).  In the study by Han et al. (2009), the iron oxide coated zeolite was employed for 
removal of Cu (II) from water. The detailed description of these studies is provided 
below. 
 Han and colleagues studied the performance of iron-oxide coated zeolite for 
copper ion removal from synthetic solution in a continuous flow system (Han et al. 
2009). The natural zeolite obtained in China of size fraction of 20-40 mesh (0.4 mm-0.8 
mm) was treated with 1 M ferric chloride solution, dried in a muffle furnace at 500 oC, 
washed and dried before storing. The sorption capacity of iron-modified zeolite was 
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compared with that of non-modified zeolite and equilibrium sorption capacity was 
determined to be 5.14 mg/g and 3.88 mg/g respectively. Results show that the sorption 
capacity of modified zeolite was higher than that of natural zeolites. However, the 
removal capacity was attributed strictly to adsorption with no reference to naturally high 
cation-exchange capacity of natural zeolites. Although it is important to examine surface 
characteristics of the media (Han et al. 2009) to understand absorption, it is also 
necessary to examine characteristics that make zeolites so effective for cation removal – 
cation-exchange capacity. The modification of the media such as coating may reduce the  
number of exchange sites on zeolite, thus adversely impacting the natural efficiency of 
the media. The coating technique applied to natural zeolites should be assessed to ensure 
that modification enhances the removal capacity of the media without compromising pre-
existing qualities of zeolites.  
 Jeon et al. (2009) investigated the sorption characteristics of iron-coated zeolite 
for As (V) removal. Batch and column studies were performed as a function of time and 
original pH and the original As(V) concentration of 2 mg/L. The zeolite was examined by 
scanning electron microscope (SEM/EDS). It was determined that the iron content of the 
modified zeolite was 4 times greater than that of natural zeolite, showing the successful 
application of iron coating. Nevertheless, particle characterization was not thorough. The 
study by Jeon (2009) would have been more complete if the SEM results were 
complemented by mineral composition analysis through x-ray diffraction (XRD) and if 
the cation-exchange capacity were determined prior and post modification. Residual 
arsenic concentration was analyzed by anodic stripping voltammetry. The results of the 
analysis revealed that arsenic was completely removed within 30 minutes, with a 100 g/L 
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dose of coated zeolites. It was also reported that at the As (V) concentration of 20 mg/L 
the optimum dose of coated zeolite was 33.3 g/L. The effect of pH on sorption was 
negligible at the pH range of 3.0 < pH < 10.0, that can be attributed to the high sorbent 
concentration. The results of this study by Jeon at al. (2009) are very promising. 
Nevertheless, the concentrations used in the study are unrealistic and too high to be 
applied to the industrial scale.  
 Menhaje-Bena and colleagues (Menhaje-Bena et al. 2004) studied iron modified 
zeolite in pursuit of developing inexpensive readily available method for removal of 
arsenate and arsenite from drinking water. The study examined two types of zeolites, 
both of which were coated with iron, and a particle size of 224-500 µm was selected for 
sorption studies. Batch experiments were performed in 50 mL reactors with solid 
concentration of 4 g/L and initial metal concentration of 0.005 M or 374.6 mg/L. The 
arsenic concentration was measured by ICP-AES technique. According to the kinetic 
study, equilibrium was reached after 48 hours. Zeolite coated with iron was reported to be 
effective, simple, and cost efficient technique for removal of As. 
 
Fundamentals of Adsorption 
Adsorption is an adhesion of the molecules of liquids, gases, and dissolved 
substances to the surface of solids due to the intermolecular interaction on solid-water 
interface.  These interactions include chemical reactions with surface such as surface 
complexation and ligand exchange as well as electrical interactions such as electrostatic 
and polarization interactions.  
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 Adsorption of cations by hydrous oxides involves the coordination of the metal 
ions with the oxygen donor atoms and the release of protons from the surface, eg.:  
≡Fe-OH + Sr2+ <=> Fe-OSr2+ + H+ 
A cation can associate with the surface as an inner sphere or outer-sphere complex. Inner 
sphere complex (chemical bond) is formed when the metal ion and electron donating 
oxygen ions form a chemical (largely covalent bond), while outer-sphere complexes (ion 
pair) are formed based on electrostatic interaction between cation of opposite charge and 
the surface group. Outer-sphere complexes are less stable than inner-sphere complexes 
and their formation is strongly dependant on ionic strength.  Extend of complex 
formation depends on the competition between metal ion and H+ as well as another metal 
ions.  
 The main mechanism of anions adsorption is ligand exchange when surface OH- 
is exchanged with another ligand.  In these process two components are defined:  a 
surface site capable of receiving a pair of electrons from the adsorbate (a Lewis acid) and 
a site having a free pair if electrons that can be transferred to adsorbate (a Lewis base). 
Both As (III) and As (V) are Lewis basis that compete with hydroxyl ions for the Lewis 
acid of the central ion of hydrous oxide (ex. iron oxides). 
Since the adsorption of anions results in a release of OH- ions, adsorption is highly pH 
dependent and favored by lower pH values (Stumm 1992).  
 As with surface complex formation with metal ions two types of ligand 
complexes can be distinguished: inner-sphere ligand complexes and outer-sphere ligand 
complexes. Sorption of As (V) onto soil constituents, such as aluminum and iron oxides, 
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happens though an inner-sphere complex via a ligand-exchange mechanism (Lumsdon et 
al. 1984, Waychunas et al. 1993, Sun and Doner 1996). 
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CHAPTER 3 
MATERIALS AND METHODS 
Zeolitized Tuff Samples 
 Zeolitized tuffs used in this study were collected from an outcrop on the Rainier 
Mesa for previously conducted research on metal ion sorption and desorption on 
zeolitized tuffs (Um and Papelis 2004). According to Thordarson (1965), the zeolitized 
tuff bed is present in the lower half of the tuffaceous section exposed at Rainier Mesa 
(Thordarson 1965). It belongs to the lower half of the Grouse Canyon Member of the 
Indian Trail Formation and bedded tuff of the Paintbrush Tuff. These units are reported to 
be 270-400 meters in thickness, and date to the middle Miocene (12.4 Ma; Bindeman et 
al. 2006). The tuff was collected from one of the four subdivided tunnel beds located 
inside the tunnel dug into the side of Rainer Mesa  (Thordarson 1965, Bernot 1999). The 
zeolitized tuff collected from the Rainier Mesa is an ash-fall tuff which originally 
consisted mainly of pumice and glass shards. Later it was altered to the zeolites 
clinoptilolite, mordenite, and analcime with inclusions of clay, silica, and hematite 
cements. Permeable zeolitic matrix surrounded non-zeolitic constituents (5% to 30%) that 
include quartz, feldspar, biotite, and dense lithic fragments impermeable to water.  
An analysis of the tuff conducted by Sloop (1998) revealed a number of 
geochemical characteristics that were used as a reference in this study (Sloop 1998). 
Surface analysis by SEM revealed that most zeolite particles in the tuff were present as 
an adhedral masses with rare crystal faces or edges. X-ray diffraction analysis confirmed 
that anhedral masses contained the zeolite mineral clinoptilolite (Sloop 1998).  It was 
determined that zeolitized tuff had high surface area (examined by the BET method) and 
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high cation-exchange capacity (determined by ammonia electrode method). A summary 
of characteristics of zeolitized tuff, used in this study, for four different size fractions is 
presented in Table 1.  
 
Table 1. Summary of adsorbent characteristics. From Um and Papelis (2004) with 
modifications 
Size Fraction 
(mm) 
Specific Surface Area 
(m2/g) 
Cation Exchange Capacity 
(CEC) (cmol/kg) 
<0.25 12.27 143 
0.25-0.5 9.38  
0.5-1.18 9.92 130 
1.18-2.8 8.17  
 
 
The zeolite tuff, used in this project, showed high affinity for lead and strontium 
ions thus had a high potential to serve as an effective removal media for these ions 
(Bernot 1996, Sloop 1998, Um 2001, Um and Papelis 2004).  
 The detailed elemental analysis of the zeolitized tuff can be found in a study by 
Bernot (1999). Trace element analysis indicated that high concentrations of strontium 
(188.7 ppm) were naturally present in the zeolitized tuff. This strontium concentration 
needs to be taken in consideration in regard to batch sorption experiments with this ion of 
interest.  
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Coating Methods 
 Zeolitized tuff, previously crushed in the laboratory (Um, 2004), was coated with 
iron-oxides according to three different techniques from previously published papers (Lai 
et al., 2001; Thirunavukkarasu et al., 2003, Han et al., 2009).  
Method I 
 Method described by Han and colleagues (2009) was employed in a study of 
characterization and properties determination of zeolite, treated with 1 M ferric chloride 
(FeCl3) for Cu (II) removal from aqueous solution (Han et al. 2009).  Zeolitized tuff 
modified according to this method is further referred to as MZT I.  
Method II 
 This method was adopted from the study by Thirunavukkarasu et al. (2003) who 
applied high temperature coating technique described by Benjamin et al. with few 
modifications to sand to study arsenic sorption (Benjamin et al. 1996, Thirunavukkarasu 
et al. 2003). The media was treated twice with 2M ferric nitrate solution and is further 
referred to as MZT II.   
Method III 
The method was by adopted from Lai and Chen (2001), who prepared iron-oxide 
coated media by treating 0.67-0.99 mm sand with 0.5 M ferric nitrate. Coated sand was 
studied as an adsorbent for removal of Cu (II), Pb (II), and humic acid from water (Lai, 
2001). The sorption was assessed in batch and packed column studies and the media was 
reported to be effective sorbent for metal ions and humic acid. Scanning-electron microscopy 
revealed that the principal elements of the dried coated media were Fe and Si. Before use, the 
tuff was pretreated with HCl acid solution (pH=1.0) for 24 hr, rinsed with de-ionized water 
and dried at 100◦C for 24 hr.  Concentrated stock solution of 2 M Fe (III) was prepared by 
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addition of NANOpure water to 200 mL to 160.8 g of Fe(NO3). The stock solution was 
stored in a labeled polypropylene bottle. After that stock solution of 0.5 M was prepared 
by dissolving a more concentrated solution, sodium hydroxide was added to the mix until 
a pH of 9.5 was reached followed by continued mixing for about 15 min. 25 mL of stock 
solution was poured into tuff and the mixture was placed in a drying oven at 50 ◦C for 96 
hr. The oven was equipped with a mixer and was stirred during the first 48 hr. After that the 
coated tuff was washed with de-ionized water and was re-dried at 100 ◦C overnight.  
Produced iron-oxide coated tuff was stored in capped containers. Zeolitized tuff modified 
according to this method is further referred to as MZT III.  
 All three modified zeolitized tuffs underwent particle characterization but due to 
time and cost considerations only the modified zeolitized tuff, coated according to Lai 
and Chan (2001), was used in the batch studies. Therefore the coating procedure for this 
media is described in more details. 
 
Characterization Methods 
 Sorption and adsorption partially depend on particle properties such as density 
and porosity, specific surface area, pore size distribution, morphology, as well as other 
characteristics such as cation exchange capacity. Thus examination of these properties is 
very important to correctly assess sorption potential of the media.  
Particle Morphology (SEM/EDS) 
 Particle morphology was examined to verify the intensity and uniformity of iron-
oxide coating on the surface on the modified zeolitized tuff. Scanning Electron 
Microscopy (SEM) is a commonly applied technique for the examination of the surface 
and near-surface characteristics of the sample and is widely used in geological 
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applications for imaging due to the high special resolution and a large depth of field 
(Perry 1990).  
 The most often used type of images are secondary electron images (SE), that 
show topographic features, and backscattered electron (BSE) images, that reveal 
compositional variation in the surface of the sample based on the atomic mass, thus may 
show distribution of specific elements (Reed 1996). In the present study, the SEM 
technique was used to obtain three-dimensional micrographs (images) for morphology 
and topography analysis. Prior to analysis the samples were dried overnight in the oven at 
100 ±5 ◦C and coated with a thin carbon film. Iron-oxide coating distribution was 
examined by collecting backscatter electron images and preliminary elemental analysis 
was performed using energy dispersive X-ray spectroscopy (EDS). Semi-quantitative 
analyses using SEM were conducted in the Electron Microanalysis and Imaging 
Laboratory at UNLV.  Micrographs and elemental analyses were obtained on a JEOL 
JSA-5600 scanning electron microscope equipped with an Oxford Link Pentafet 6587 
energy dispersive X-ray spectrometer, equipped with the INCA software package. The 
analyses were conducted at 15-20 kV, with a 20mm working distance, a spot size of 40, 
and sixty second acquisition times. Analyses were reported as normalized weight 
percentages. 
Mineral Composition (XRD) 
 X-ray diffraction (XRD) is primarily used for mineral identification and 
crystallographic analysis. The mineralogy of natural and modified zeolitized tuff was 
determined using a PANalytical X'PERT Pro X-ray Diffraction Spectrometer at 
XRF/XRD Laboratory, UNLV. XRD was applied to identify specific minerals within 
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each adsorbent, including verification of form of iron (amorphous vs. crystalline) on the 
surface of iron-oxide coated particles. Prior to analysis the samples were dried overnight 
in the oven at 100 ±5 ◦C and stored in the desiccator to prevent hydration of the samples. 
Cation Exchange Capacity 
 Zeolites have high affinity for cations that they can hold in their structure. The 
ability of a mineral to exchange one type of cation for another is called cation exchange 
capacity (CEC). This property is a measure of the quantity of the readily exchangeable 
cations per unit weight neutralizing negative charge in soil (Rhoades 1982) and is 
commonly expressed in units of milliequivalents per 100 g of soil (meq 100 g-1) or 
centimoles per kg of soil (cmol/kg) (Manual 2004). The measurement results of CEC can 
vary even for identical samples depending on the conditions and measurement method 
(Rhoades 1982, Pabalan and Bertetti 2001, Manual 2004).  
 A variety of methods have been applied for the CEC determination. These 
methods vary in soil amounts, pretreatment, saturation, washing, drying, and extraction 
procedures as well as indication cations and pH controls (Rhoades 1982, Burt 2004).   
 Methods applied to zeolites include the ammonium acetate saturation method 
(Kitsopolous 1999), the method by Polemio and Rhoades (1977) involving saturation 
with sodium, and the ammonia electrode method by Busenberg and Clemency (1972) that 
was utilized in the number of studies of zeolitized tuff (Sloop 1998, Um 2001, Um and 
Papelis 2004).  
 In the present study the determination of cation-exchange capacity of natural and 
modified zeolitized tuffs was performed at the Environmental Soil Analytical Laboratory 
(ESAL), UNLV using a method from Soil Survey Laboratory Methods Manual (Burt 
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2004). According to this method, the exchange sites were saturated with an index cation 
(NH4+), by leaching the samples using 1N NH4OAc and a vacuum extractor. The extract 
was weighed and saved for analyses of the index cations. The NH4+ saturated samples 
were rinsed with ethanol to remove the NH4+ that was not adsorbed. The soil was then 
rinsed with 2M KCl, and the leachate analyzed calorimetrically (Nelson 1983) to 
determine the amount of NH4+ adsorbed by the sample.  The analysis was performed in 
duplicates and the average of the two values was reported as cation-exchange capacity of 
the samples in cmol/kg. 
 
Batch Experiments 
 One of the main processes controlling the distribution of strontium and arsenic in 
water is the behavior at water-mineral interfaces. To study this behavior and to determine 
sorption uptake of strontium and arsenic onto natural and modified zeolitized tuff, a 
number of parametric batch laboratory experiments were conducted. The experiments 
were performed as a function of time, pH, ionic strength, and total cation/anion 
concentration, at a constant temperature of 25.0 ± 0.5°C. All chemicals used were of 
analytical grade and employed without further purification. The solutions of Sr (II) and 
As (V) were prepared with high-purity water obtained with NANOpure Ultrapure Water 
System by dissolution of proper amounts of strontium nitrate (Sr(NO3)2(s)) and sodium 
arsenate (Na2HAsO4·7H2O) respectively. In order to minimize contamination of the 
samples, all glass/plastic vessels and instruments were cleaned by soaking in detergent 
solution, then acid bath and in deionized water each for at least 24 hr. Before use, the 
vessels were rinsed several times with deionized water and air-dried. Measurements of 
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pH were obtained with a pH meter (Thermo Electron Corporation) equipped with an 
Orion pH electrode. A three-point calibration using fresh buffers (pH 4.0, 7.0 and 10.0) 
was performed before each set of measurements.  All produced aqueous samples were 
stored in closed polyethylene bags in a desiccator.  
Description of Experimental Variables 
 The batch experiments were performed as a function of time, pH, ionic strength, 
and total cation/anion concentration. Previous studies report that pH has a significant 
effect on arsenic and arsenate sorption (Menhaje-Bena et al. 2004, Huaming 2007, Hsu et 
al. 2008). This effect was demonstrated for hematite, goethite, and lepidocrocite (Bowell 
1994). Highest arsenate removal by goethite was reported to be in the pH range of 3-6 
(Matis et al. 1999). Arsenite species sorb better at pH 7.5 and greater (study used 
ferrihydrite as adsorbent) (Raven et al. 1998). Sorption of strontium onto natural 
zeolitized tuff was reported to be pH independent (Sloop, 1998)  To examine the pH 
effect on adsorption of arsenic and strontium onto natural and modified zeolitized tuff the 
batch experiments were run in acid (pH 4), neutral (pH 7) and basic (pH 9) environments. 
 One of the main characteristics of any solution with dissolved ions is the ionic 
strength, which is a measure of the concentration of ions present in the solution. Ionic 
strength is of a special interest for sorption studies because it effects the competition of 
the ions present in the solution with the ions of interest for sorption sites of the media.  
Previous experiments with sorption of strontium onto zeolitized tuff revealed that the 
greater the ionic strength (the higher the concentration of electrolyte) the lower the 
sorption uptake of strontium (Bernot 1996, Sloop 1998, Um and Papelis 2004). 
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 Ionic strength values used for this study were 1 M and 0.01 M of sodium nitrate. 
These electrolyte concentrations were selected to demonstrate the ionic strength 
dependent sorption of Sr (II) onto natural zeolitized tuff (Bernot 1996, Sloop 1998, Um 
2001) and to examine whether the iron coating impacted sorption of Sr (II). 
 Previous sorption studies reported a negative correlation between total metal 
concentration and fractional sorption uptake (, Um and Papelis 2003, Hsu et al. 2008). 
Usually sorption studies employ multiple concentrations of ion of interest to constrain 
this effect (Bernot 1996, Thirunavukkarasu et al. 2003, Jeon et al. 2009). The present 
study was designed to mimic natural concentration found in water supplies. However, 
due to the limitations in the analytical methods, the concentrations of metal ions were 
elevated (1X10-6 M and 1X10-4 M), equivalent to 0.088 mg/L (ppm) and 8.762 mg/L 
(ppm) of strontium or  0.075 mg/L (ppm) and 7.492 mg/L (ppm) of arsenic, respectively.  
 In order to conduct batch studies, a proper equilibration time needed to be 
determined. Studies that separately examined the sorption of strontium and arsenic report 
that equilibration time needed was from 24 to 48 hours (Um and Papelis 2004, Jeon et al. 
2009). Size fraction of the particles, particle morphology and mineralogy, as well as a 
new combination of ions of interest and their original concentration suggested that the 
equilibration  time in this study would differ from the previously conducted studies thus 
has to be tested experimentally.  
 In order to determine the equilibration time needed for sorption of ions of 
strontium and arsenic, a set of batch experiments was prepared separately for each metal. 
Originally sampling frequency was set as 1, 12, 24, 48, and 120 hours, but due to the 
results of the first batches it was adjusted to 1 hour, 5 and 10 days.  
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Design of Experimental Matrix 
 Key variables in the experimental matrix design included pH (4, 7, and 9), ionic 
strength (1 M and 0.01 M), total cation/anion concentration (1x10-4 M and 1x10-6 M). 
The experiments were designed to account for two sorbent types: natural zeolitized tuff 
and coated natural zeolitized tuff, modified according to technique III (Lai 2001). The 
solid (adsorbent) concentration was constant in all batches (3 g/L). The combination of 
the number of variables (Table 2) resulted in a total of 24 batches. Each batch included 
two reactors with natural zeolitized tuff, two reactors (250 mL polypropylene bottles) 
with iron-oxide coated zeolitized tuff and one blank – the reactor with no adsorbent 
added, but otherwise identical parameters to the rest of the reactors.  
Table 2. Summary of variables for parametric batch study. 
Variable Number of Values Values 
Type of Sorbent 2 Modified zeolite and natural zeolite  
Sorbent Concentration 1 3 g/L 
Type of Sorbate 2 Sr, As 
Sorbate Concentration  2 1x10-4 M and 1x10-6 M 
Ionic Strength 2 0.01 M and 1 M as NaNO3 
pH 3 4, 7, and 9 
Sampling times  3 1, 120 and 240 hrs  
 
 
 All experiments were duplicated, and each reactor was sampled at least three 
times (at 1, 120 and 240 hrs). Each set of samples included a control – a blank solution 
with a known metal concentration, prepared with the same conditions as the rest of 
samples excluding solid. Based on the results reported for the blanks, the data were 
assessed in terms of accuracy and precision.  
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Test Procedures 
 Samples were dried, sieved though 0.25 mm sieve and stored in a desiccator. Prior 
to the experiment, the tuff was weighed into 250 mL polypropylene bottles. Needed 
volumes of reagent grade, 18 MΩ resistivity water (Barnstead NANOpure) and sodium 
nitrate were added. The samples were equilibrated overnight and the pH was measured 
and adjusted. After that, the metal of interest was added to the reactors and the timer was 
started. Throughout the experiment the pH was monitored and adjusted if needed.  After 
1 hour, 120 and 240 hours a certain amount of aqueous sample was collected from the 
reactors by a polypropylene syringe, the samples were filtered using 0.25 µm syringe 
filters; filtrate was collected into test tubes. Due to two analytical methods for As and Sr, 
the amount of supernatant extracted from the reactors was different: 2 mL for arsenic 
analysis on GFAA and 8 mL for strontium analysis on ICP. The supernatant was 
acidified with 70% HNO3 (12 µm of concentrated acid to 1 mL of supernatant).  The 
tubes were capped and secured with laboratory parafilm, after which the tubes were 
stored in a refrigerator. 
 Samples containing strontium were analyzed at Utah State University Analytical 
Labs using an inductively-coupled plasma spectrophotometer (ICP), while samples 
containing arsenic were sent to Arizona State University Environmental Laboratory and 
analyzed using graphite furnace atomic adsorption spectrometer (GFAA).   
Analysis of Filtrate 
Metal concentrations of the As and Sr, as well as detection limits and cost of the 
analysis determined the analytical methods for this study. Residual concentration of As 
was determined by graphite furnace atomic adsorption spectrometry (Varian SpectrAA 
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400 Zeeman Graphite Furnace Atomic Absorption Spectrometer). Elemental analysis for 
residual Sr was conducted at Utah State University Analytical Labs using inductively-
coupled plasma spectrophotometer (Thermo Electron Iris Advantage ICP).  The sorption 
uptake was determined by the difference between the initial and the final metal 
concentration in the supernatant, and expressed as a percentage of the original metal 
concentration.  
 All experiments were duplicated. Each set of samples included a control – a blank 
solution with a known metal concentration, prepared with the same conditions as the rest 
of samples, excluding solid. Based on the results reported for the blanks, the data were 
assessed in terms of accuracy and precision. Analytical method, concentration of the ions 
that can cause interferences, as well as concentration of analyte can cause analytical 
error. In order to account for possible errors, the sorption results reported below were 
calculated based on the corrected blanks. Percent standard deviation was calculated from 
the duplicate blanks. Blanks were included in every sample set corresponding to a 
particular sampling time.  
Statistics 
All statistical analyses were run using Microsoft Excel Data Analyzer with a p = 
0.05, equivalent to a 95% confidence level (Harris, 2007).  A one-tailed t-TEST (unequal 
variance) was used to determine if statistical differences existed between sorption for 
experiments with natural vs. modified zeolitized tuff and different pH, ionic strength and 
As/Sr concentrations.  
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CHAPTER 4 
RESULTS AND DISCUSSION 
Sample Characterization 
Particle morphology, mineral composition and cation-exchange capacity of 
natural and modified zeolites were examined to verify sorption potential for these two 
types of media. Uniformity of iron-oxide coating and concentration of the iron on the 
modified surfaces was examined to confirm that coating application was successful. 
Particle Morphology (SEM) 
 Photomicrography of the exterior surface of uncoated and iron-modified tuff was 
obtained by SEM. Samples for energy-dispersive analysis were coated with a thin, carbon 
film, in order to enhance conductivity while providing contrast to any iron present. 
Images were taken at 50x to 3000x magnification to observe the surface morphology of 
raw and modified tuff. Distribution and intensity of the iron-oxide coating on the 
modified-tuff surface was determined by comparing the images of coated and uncoated 
samples (Fig. 2), accompanied by EDS readings (Tables 3 to 6). 
Backscatter electron compositional images reveal that modified-tuff surfaces (Fig. 
2b-d) are evidently occupied by iron-oxide clusters, which were formed during the 
coating process. Images of MZT III (Fig. 2d), treated with 0.5 M ferric nitrate, reveal no 
apparent clustering of iron-oxide, but nevertheless depict a uniform distribution of 
coating. 
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(a) (b) 
 
 
 
 
(c) (d) 
Figure 6. Backscatter electron compositional images of raw and modified zeolitized tuff, 
1000x magnification: (a) raw zeolitized tuff (NZT), (b) iron-coated zeolitized tuff (MZT 
I), (c) iron-coated zeolitized tuff (MZT II), (d) iron-coated zeolitized tuff (MZT III). 
 
Compositional spectra were obtained for at least three different areas on the 
sample surface that are further referred to as Spectrum 1, 2 and 3. Results of 
compositional analysis (Tables 4-6) confirm the otherwise uniform distribution of iron 
coating in modified-tuff samples, as well as the absence of iron from the original tuff 
media (Table 3). 
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Table 3. Normalized all elements analysis of natural zeolitized tuff. 
Spectrum O Al Si K Fe Total 
Spectrum 1 46.51 5.03 40.85 4.21 0 100.00 
Spectrum 2 33.99 7.35 50.75 5.17 0 100.00 
Spectrum 3 51.04 4.92 38.04 2.67 0 100.00 
Mean 43.85 5.77 43.21 4.02  100.00 
Std. Deviation 8.83 1.37 6.68 1.26   
Max. 51.04 7.35 50.75 5.17   
Min. 33.99 4.92 38.04 2.67   
 
 
Table 4. Normalized all elements analysis of modified zeolitized tuff – I.  
Spectrum O Al Si K Fe Total 
Spectrum 1 57.09 4.89 28.71 2.99 6.32 100.00 
Spectrum 2 44.73 4.10 26.21 4.04 20.91 100.00 
Spectrum 3 23.70 8.67 33.05 5.28 29.29 100.00 
Mean 41.84 5.89 29.32 4.10 18.84 100.00 
Std. Deviation 16.88 2.44 3.46 1.15 11.63  
Max. 57.09 8.67 33.05 5.28 29.29  
Min. 23.70 4.10 26.21 2.99 6.32  
 
 
 The major elements of raw zeolitized tuff are silicon, oxygen, potassium and 
aluminum, while iron was not detected (Table 3). The iron content of MZT I (tuff 
modified with 1 M ferric nitrate) (Table 4) ranged from 6 to 29 wt. % (average 19 wt. %). 
Tuff modified with 0.5 M ferric nitrate (MZT III) yielded similar results (Table 6), with 
iron content ranging from 2 to 24 wt. % (average 13 wt. %), consistent with the low-
contrast nature of backscatter images from both samples (Fig. 2b; 2d). However, the iron 
content on the surface of MZT II (Table 5), which was modified in two steps with 2 M 
ferric sulfate, varied from 6.5 to 87.7 wt. % (average 44 wt %). The overall higher 
concentration is evident in high-contrast clusters from backscatter imaging during SEM 
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analysis (Fig. 2c). Thus although the iron coating was applied onto the zeolitized tuff 
surface, the resulting intensity is not uniform.  
 
Table 5 Normalized all elements analysis of modified zeolitized tuff - II.  
Spectrum O Al Si K Fe Total 
Spectrum 1 64.03 4.22 21.43 1.99 6.50 100.00 
Spectrum 2 8.34 0.81 4.15 0.00 86.70 100.00 
Spectrum 3 42.89 1.82 14.48 1.77 39.04 100.00 
Mean 38.42 2.28 13.35 1.25 44.08 100.00 
Std. Deviation 28.11 1.75 8.69 1.09 40.34  
Max. 64.03 4.22 21.43 1.99 86.70  
Min. 8.34 0.81 4.15 0.00 6.50  
 
Table 6 Normalized all elements analysis of modified zeolitized tuff – III.  
Spectrum O Si K Fe Nb* Total 
Spectrum 1 50.85 20.30 2.49 12.01 11.69 100.00 
Spectrum 2 55.83 10.09 1.14 2.01 0.00 100.00 
Spectrum 3 21.67 38.45 15.84 24.04 0.00 100.00 
Mean 42.78 22.95 6.49 12.69 3.90 100.00 
Std. Deviation 18.45 14.36 8.12 11.03 6.75  
Max. 55.83 38.45 15.84 24.04 11.69  
Min. 21.67 10.09 1.14 2.01 0.00  
*Nb appears to be wrongfully assigned to a peak of Fe. 
 
 
 
Figure 7. Photo of (a) natural zeolitized tuff, (b) iron-coated zeolitized tuff – I, (c) iron-
coated zeolitized tuff – II, (d) iron-coated zeolitized tuff – III. 
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These compositional trends are further evident in the color modification of natural 
zeolities in response to iron coating, which changed from light gray to dark orange, dark 
red, and yellow (Fig. 3). Particle color can, to a certain extent, help to indentify the type 
of metal and its crystalline size and shape. According to diagnostic criteria of iron oxide 
minerals (Schwertmann 2000), samples with red coloring indicate the presence of 
hematite (Fig. 3c), and brown-red and yellow coloring indicate presence of goethite (Fig. 
3b; d). Furthermore, the color intensity is proportional to the amount of iron-oxide 
applied onto zeolitized tuff: NZT (none) < MZT III (0.5 M ferric nitrate) < MZT I (1 M 
ferric chloride) < MZT II (2 M ferric nitrate). 
Mineral Composition (XRD) 
Mineralogical composition of each sample was determined by X-ray diffraction 
(XRD). Natural zeolitized tuff was comprised primarily of zeolite mineral clinoptilolite 
and feldspar: sanidine, albite, labradorite (Table 7), while XRD spectra of modified 
samples contained a peak in iron (Appendix 1), corresponding to the formation of 
hematite and goethite during the high-temperature coating process. These results are 
consistent with those of previous studies (Han et al. 2009, Lai 2001), which reported 
formation of goethite and hematite on the surface of  iron-oxide modified zeolite. Color 
assessment of the samples (Schwertmann 2000) complemented these findings. 
 
Table 7. Semi-quantitative analysis of composition of natural and modified zeolitized 
tuff, wt. %. 
Solid Type Clinoptilolite Feldspar Hematite Goethite 
 Wt. % 
Natural Zeolitized Tuff  36 64 - - 
MZT I 17 79 2 2 
MZT II 33 63 4 - 
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MZT III 30 61 9 - 
Cation Exchange Capacity 
 Figure 4. shows the results of cation-exchange capacity measurement for natural 
and modified tuffs. 
 
 
Figure 8. Calculated cation-exchange capacity of natural and modified zeolitized tuff. 
 * - previously reported value (Um, 2001), NZT – natural zeolitized tuff, MZT – modified 
zeolitized tuff. 
 
  The results acquired in this study for natural zeolitized tuff were compared to 
those previously reported by Um and Papelis (Um and Papelis 2004), where the CEC of 
natural zeolitized tuff for the same particle size (0.25 mm) was reported to be 143 
cmol/kg. Lower values reported in this study are attributed to the difference in CEC 
acquisition method, as it was reported that the ammonia electrode method, used by Um 
and Papelis (2004) often overestimates CEC in zeolites (Rhoades 1982). The decrease in 
CEC values is proportional to the concentration of iron applied onto tuff: NZT (none) < 
MZT III (0.5 M ferric nitrate) < MZT I (1 M ferric chloride) < MZT II (2 M ferric 
nitrate).  Combining SEM-EDS results (Tables 3-6) shows a negative correlation between 
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surface Fe-concentration and CEC, indicating that iron-oxide mineral growth effectively 
reduced the number of cation-exchange sites on zeolite surfaces.  
 
Batch Testing 
 Batch experiments were conducted as a function of time, ionic strength, pH, and 
metal concentration, in order to assess the Sr and As removal capacity of MZT III. 
Sample media MZT I and MZT II were not included in adsorption studies, due to their 
relatively low CEC and time and cost considerations. In order to estimate equilibrium 
time of individual sorption experiments, reactors were sampled at predetermined intervals 
of 1, 120 and 240 hours. Reported sorption results were calculated based on averages of 
duplicated experiments, adjusted according to corrected blanks. Error bars in the figures 
correspond to one standard deviation, estimated from the duplicate experiments. 
Sorption Behavior of Sr (II) 
Sorption as a Function of Time 
 At low ionic strength (I 0.01 M NaNO3), modified zeolitized tuff proved to be an 
effective adsorbent for the removal of Sr. In batches with 1X10-6 M Sr, the residual 
concentration of Sr dropped below the detection limit of the instrument (0.03 mg/L), 
showing maximum sorption of >66% for both media types. At higher ionic strength 
(I=1.0 M), aqueous Sr (II) concentrations increased over the course of the experiment, 
suggesting that Sr (II) was leached from the zeolitized tuff. Strontium was released within 
24 hours of pre-equilibration time, as the analysis showed consistently elevated 
concentrations (30-90% higher than initial conditions) throughout the experiment (Fig. 
5).  
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Figure 5. Sorption uptake of Sr (II) as a function of time: initial Sr (II) concentration 
0.0876 mg/L and ionic strength 1 M as NaNO3, where N – natural zeolitized tuff, M – 
modified zeolitized tuff, and B – blank.  
 
 Figure 6 illustrates that at higher concentration of Sr (1X10-4 M) and ionic 
strength (I=0.01 M) the maximum sorption of 100 ± 8% was reached within 120 hours. 
However, at high ionic strength (I=1 M), there was very little to no sorption throughout 
the experiment (Fig. 7).  
 
Figure 6. Sorption uptake of Sr (II) as a function of time: initial Sr (II) concentration 8.76 
mg/L (10 -4 M) and ionic strength 0.01 M as NaNO3, where N – natural zeolitized tuff, 
M – modified zeolitized tuff, and B – blank.  
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Figure 7. Sorption uptake of Sr (II) as a function of time: initial Sr (II) concentration 8.76 
mg/L (10 -4 M) and ionic strength 1 M as NaNO3, where N – natural zeolitized tuff, M – 
modified zeolitized tuff, and B – blank.  
 
Sorption Uptake as a Function of Ionic Strength 
Batch sorption experiments with Sr (II) were conducted at background electrolyte 
concentrations of 1M and 0.01 M NaNO3.  These electrolyte concentrations were 
selected to demonstrate the ionic-strength dependence of Sr (II) sorption onto natural 
zeolitized tuff (Bernot 1996, Sloop 1998, Um 2001), and to examine whether the iron 
coating impacted sorption of Sr (II). Behavior of Sr (II) as a function of ionic strength is 
shown in Figures 8 and 9. 
With higher (8.76 mg/L) concentration of Sr (II) and with ionic strength of 0.01 
M NaNO3 both modified and natural tuffs removed up to 100 ± 8% of Sr (II) from the 
solution (Fig. 8). However, at higher ionic strength (1 M NaNO3) both sorbents showed 
no sorption uptake of Sr (II). This behavior can be explained by the competition of Sr (II) 
ions with sodium ions. As the ionic strength was increased by addition of sodium nitrate 
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(NaNO3), number of sodium ions increased, thereby more effectively competing with Sr 
(II) ions for cation exchange sites.  
 
 
Figure 8. Sorption of Sr (II) on 3 g/L modified and natural zeolitized tuffs as a function of 
pH and ionic strength. Initial Sr (II) concentration is 8.76 mg/L (10 -4 M).. N – natural 
zeolitized tuff, M – modified zeolitized tuff, B – blanks.  
 
 
Figure 9. Sorption of Sr (II) on 3 g/L modified and natural zeolitized tuffs as a function of 
pH and ionic strength. Initial Sr (II) concentration is 0.0876 mg/L (10 -6 M). N – natural 
zeolitized tuff, M – modified zeolitized tuff, B – blanks.  
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According to Stumm (1992), cations can associate with a surface by forming 
inner-sphere or outer-sphere complexes, depending on whether a cation forms a chemical 
bond with an electron-donating oxygen ion on the surface or a cation of opposite charge 
approaches the surface group within a critical distance. Outer-sphere complexes are 
typically dependent on ionic strength. Outer-sphere complexes require electrostatic 
bonding mechanisms, and therefore are less stable than inner-sphere complexes, which 
are created through covalent bonding or a combination of covalent and ionic bonding 
(Stumm 1992). Thus the effect of ionic strength on sorption can be an indicator of a 
complex type. Inner-sphere coordination complexes are not dependent on the ionic 
strength of the solution because these complexes are formed as a result of bonding a 
complex to surface oxygen though the loss of the hydration sphere. On the other hand, 
outer-sphere complexes are dependent on the ionic strength of the system because of the 
bond that is formed.  
 The dependence of sorption of Sr (II) on the concentration of electrolyte suggests 
that Sr (II) forms outer-sphere complexes with the surface groups of zeolitized tuff (Um 
and Papelis 2003). At 0.01 M NaNO3 and high initial metal concentration (1X10-4 M Sr), 
the data suggest up to 100% ± 8% sorption, while at 1 M NaNO3, sorption uptake 
decreases significantly. 
Sorption Uptake as a Function of pH 
 Another geochemical parameter of interest was pH, and its effect on sorption 
uptake of Sr (II) by natural and modified zeolitized tuffs. Figures 8 and 9 can be also used 
to illustrate different sorption behavior of Sr (II) at various pH values.  
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 Sorption of Sr (II) ions onto natural zeolitized tuff occurs due to formation of 
outer-sphere complexes on cation-exchange sites (Um and Papelis 2003), however, iron 
content of modified zeolitized tuff suggests that sorption of Sr (II) may as well occur due 
to sorption of Sr (II) ions onto Fe-sites with formation of inner-sphere complexes (pH 
dependent). However the competition between Na (II) and Sr (II) ions will occur for 
surface iron coated sights as well as for cation-exchange sites. This assumption is 
illustrated in Fig. 8 and 9, where sorption behavior of Sr (II) for both natural and 
modified zeolitized tuffs at both concentrations and ionic strength appears to be pH-
independent. This may suggest that despite modification, sorption of Sr (II) ions is highly 
dependent on the concentration of competing electrolyte ions.  
 Sorption onto internal sites can be further examined when both ionic strength and 
pH are considered at the same time. Due to the nature of complexes formed by Sr (II) and 
the zeolitized tuff, sorption is highly dependent on ionic strength and independent from 
pH. At a high concentration of 1 M NaNO3, Sr (II) is excluded from the sorption onto 
zeolitized tuff. This phenomenon combined with pH independent sorption show that 
sorption of Sr is not controlled by the external sites but rather is dependent on cation 
exchange at the internal sites.  
 Particle size affects the sorption efficiency of the media. Although examination of 
effect of particle size was not included in the scope of this study, it will be beneficial to 
further investigate the effect of size fraction by carrying out experiments with smaller 
size fraction particles. Previous studies report that the increase in particle size affects the 
diameter of the particle that on its turn effects external surface area and therefore the 
amount of external sorption sites. As the particle size increases, the specific surface area 
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and number of external surface sites decreases. The ratio between external and internal 
sites will also change as larger particles will have more internal sites than external. 
Larger particles will have longer diffusion length and the longer path length for the ions 
to travel resulting in slowing down the uptake. Nevertheless, the sorption will presumably 
remain the same (with the longer equilibration time) since the number of the internal 
cation-exchange sites should remain relatively the same with the changing particle size. 
This hypothesis will stand with the assumption that the specific surface area remains 
relatively constant regardless of the particle size.  
Sorption Uptake as a Function of Metal Concentration 
 Another geochemical parameter examined in the batch experiments was the effect 
of initial Sr (II) concentration on the sorption uptake of natural and modified zeolitized 
tuff. As one would expect, decrease in the Sr (II) cation concentration should increase the 
fractional sorption uptake. However, the results obtained in this study (Figs. 10 and 11) 
did not reveal this trend. In fact, experiments with both natural and modified zeolitized 
tuff at ionic strength of 1 M and 1.0X10-6 M Sr (II) revealed negative sorption, indicating 
that there was actually more Sr (II) in the solution that was originally added at the 
beginning of the experiment. This occurs due to the pre-equilibration of the solution 
containing zeolitized tuff prior to the addition of metal. Based on microprobe elemental 
analysis, natural zeolitized tuff already contains about 188.7 mg/kg of Sr (Bernot 1996), 
suggesting that prior to Sr (II) injection the reactors contained up to 0.14 mg of Sr (II) 
present in the solid.  Increasing concentration of Sr (II) over the course of batch 
experiments suggests that Sr (II) ions naturally occurring in zeolitized tuff were 
exchanged with sodium ions present in the solution. At 1.0X10-4 Sr and 1 M NaNO3, Sr 
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sorption behavior is similar for both natural and modified zeolitized tuffs and exhibit 
sorption close to 0%, while at the lower background electrolyte concentration (0.01 M 
NaNO3), the experiments with 1.0X10-6 M Sr (II) did not indicate an increase in Sr (II) 
concentrations. Both natural and modified zeolitized tuffs show sorption uptakes of 100 ± 
8 % for 1.0X10-4 M Sr (II) at ionic strength of 0.01 M. The analysis of the filtrate with 
low ionic strength and 1.0X10-6 M (0.0876 mg/L) Sr (II) revealed that Sr (II) ion 
concentration was below the detection limit of 0.03 mg/L, resulting in fractional sorption 
uptake of at least 66 %. Though the experiment with Sr (II) concentration of 1.0X10-6 M 
(0.0876 mg/L) did not provide certain results on the maximum fractional sorption uptake, 
the previous studies, with the same Sr (II) concentration and similar solid concentration 
(2.5 mg/L) and where analysis was done with GFAA, reported fractional sorption uptake  
greater than 95% (Sloop 1998). 
 
 
Figure 10. Sorption of Sr (II) on 3 g/L modified and natural zeolitized tuffs as a function 
of metal concentration: ionic strength is 0.01 M as NaNO3. N – natural zeolitized tuff, M 
– modified zeolitized tuff, B – blanks.  
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Figure 11. Sorption of Sr (II) on 3 g/L modified and natural zeolitized tuffs as a function 
of metal concentration: ionic strength is 1 M as NaNO3. N – natural zeolitized tuff, M – 
modified zeolitized tuff, B – blanks.  
 
Sorption Behavior of As (V) 
 Arsenic uptake by natural and modified zeolitized tuff was examined as a function 
of time, pH, ionic strength, and metal concentration. Sorption studies were performed 
batchwise with pentavalent arsenic (As (V)), solutions of which were prepared by 
dissolving sodium arsenate in reagent grade, 18 MΩ resistivity water (Barnstead 
NANOpure). The adsorption studies were carried out in 250 mL polypropylene vessels, 
which were capped and sealed with laboratory parafilm. Arsenate concentration was 
varied from 10-4 M (7.49 mg/L) to 10-6 M (0.0749 mg/L), while tuff concentration was 
constant in all experiments (3 g/L). Experiments were carried out in duplicate reactors to 
provide statistically meaningful data. Furthermore, a standard reactor containing the 
respective solution excluding tuff (blank) was added to every batch set, in order to 
provide a reference point with which residual concentrations could be compared for 
sorption uptake determination. Before the addition of As (V), respective solutions of 
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electrolyte and tuff were equilibrated at an agitation rate of 200 rpm (C2 Platform Shaker 
by New Brunswick Scientific) and constant temperature of 25.0 ± 0.5°C overnight. Pre-
equilibrated samples (including blanks) were then spiked with a necessary amount of As 
(V). Reactor pH was monitored throughout the duration of experiment and adjusted if 
necessary by the addition of small amounts (<100 µL) of base or acid.  
Sorption as a Function of Time 
 Figures 12 to 15 illustrate that the total sorption of As (V) onto natural zeolitized 
tuff was indistinguishable from zero for most batch sets with few exceptions. These 
results are consistent with the natural characteristics of zeolitized tuff and its applications. 
However, experiments with initial As (V) concentration of 10-6 M (0.0749 mg/L), ionic 
strength of 0.01 M and pH 4 and 7 revealed a sorption uptake of 29 ± 2% and 17 ± 4 %, 
respectively at 240 hours (Fig. 12).  
 For modified zeolitized tuff the equilibrium time was reached in 120 hour and 
resulted in maximum sorption of 100 ± 2% at 1X10-6 M (0.0749 mg/L) As (V), ionic 
strength of 0.01 M and pH 4 (Fig. 12). Batch set with similar conditions except, and pH 7 
reached equilibrium within 120 hours of experiment with the sorption uptake of 94 ± 4%, 
comparing to approximately 37 ± 6 % maximum sorption after 120 hours at pH 9 (Fig. 
12). At 1X10-6 M (0.0749 mg/L) As (V), ionic strength of 1 M, and pH 4, equilibrium 
was reached within the first hour and resulted in maximum sorption of 76 ± 5% (Fig. 13). 
Sorption of As (V) onto natural zeolitized tuff was indistinguishable from zero. 
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Figure 12. Sorption uptake of As (V) as a function of time. Initial concentration 0.0749 
mg/L (10 -6 M) and I = 0.01M as NaNO3. N – natural zeolitized tuff, M – modified 
zeolitized tuff, B – blank.  
 
 
Figure 13. Sorption uptake of As (V) as a function of time. Initial concentration 0.0749 
mg/L (10 -6 M) and I = 1M as NaNO3. N – natural zeolitized tuff, M – modified zeolitized 
tuff, B – blank.  
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 Sorption onto modified tuff for 1X10-4 M (7.49 mg/L) As (V), ionic strength of 
0.01 M and pH 7 was 43 ± 6% after 120 hours and for pH 9 it was considerably lower 
(Fig. 14).  
 
 
Figure 14. Sorption uptake of As (V) as a function of time. Initial concentration 7.49 
mg/L (10 -4 M ) and I = 0.01M as NaNO3. N – natural zeolitized tuff, M – modified 
zeolitized tuff, B – blank.  
 
By comparison, the 1X10-4 M (7.49 mg/L) As (V), ionic strength of 1 M and pH 4 
resulted in the same equilibrium time of 240 hours, but much higher sorption uptake of 
75 ± 1%. However, out of the total sorption of 75%, 55% took place within the first 50 
hours (Fig. 15). The same figure shows that in the batch with 1X10-4 (7.49 mg/L) As (V), 
ionic strength of 1 M and pH 7 the sorption reached 22% after about 50 hours and then 
slowly increased to 27 ± 8% at 240 hours. The experiment with same conditions but pH 9 
provided results showing maximum sorption of 10 ± 2% after 48 hours of equilibration.  
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Figure 15. Sorption Uptake of As as a Function of Time. Initial concentration 7.49 mg/L 
(10 -4 M) and I = 1M as NaNO3. N- natural zeolitized tuff, M modified zeolitized tuff and 
B – blank.  
 
 Experiments with two arsenate concentrations, three pH values and two ionic 
strength values showed that the reactors with lower initial metal concentration (10-6 M) 
and acidic conditions (pH 4) reached equilibrium within the first hour of equilibration. 
With increasing pH and initial As (V) concentration, equilibrium time increased 
significantly and the maximum sorption decreased by up to 10%. 
Sorption Uptake as a Function of pH 
 The effect of pH on arsenate removal from aqueous solutions was studied under 
acidic, neutral, and basic conditions (pH 4, 7 and 9). Reactor pH was adjusted at the 
beginning of each experiment and was maintained at the necessary level by addition of 
acid or base. Modified zeolitized tuff most effectively adsorbed As (V) at a pH 4 with up 
to 100 ± 2% of sorption for As (V) concentration of 10-6 M (Fig. 16). These results are 
consistent with the study by Payne (2005) who reported maximum sorption of arsenate 
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onto iron-oxide coated zeolites at a pH of 4 to 5. The batch with ionic strength of 1 M but 
otherwise identical conditions yielded similar results with 86 ± 5% sorption. Maximum 
sorption of 75 ± 1% was reached in similar settings (ionic strength of 1M and pH 4), with 
an As (V) concentration of 1X10-4 M (7.49 mg/L) (Fig. 17). 
 Rate of sorption, along with overall sorption uptake, decreased in neutral and 
basic conditions (Figs. 12 to 15). Experiments with 1X10-6 M (0.0749 mg/L) As (V), 
ionic strength of 0.01 M and pH 7 showed maximum sorption of 95 ± 4% while 
experiments with 1X10-6 M (0.0749 mg/L) As (V), I=0.01 M and pH 9 resulted in 34 ± 
6% sorption uptake. Same experiments with arsenic concentration of 1X10-4 M (7.49 
mg/L) resulted in 43 ± 6% maximum sorption for pH 7 and 13 ± 8% sorption at pH 9. 
The experiments with 1X10-4 M (7.49 mg/L) As (V), ionic strength of 1 M, pH 7 and pH 
9 resulted in maximum sorption of 24 ± 8%.  
 
Figure 16. Sorption of As (V) as a function of pH and ionic strength. Initial As 
concentration 0.0749 mg/L (10-6 M). N- natural zeolitized tuff, M modified zeolitized tuff 
and B – blank.  
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Figure 17. Sorption of As (V) as a function of pH. Initial As concentration 7.49 mg/L, 
where N – natural zeolitized tuff, M – modified zeolitized tuff. B – blank.  
 
 The inverse correlation between pH and sorption uptake of As (V) is consistent 
with results from previous studies (Jeon et al. 2009, Lumsdon et al. 1984, Muller et al. 
2010, Sun and Doner 1996) and suggests As (V) removal by charge interaction between 
As (V) and the iron-oxide coating as well as through formation of inner-sphere 
complexes. . The net valence of As (V) is affected by solution pH, due to the protonation 
reaction of AsO43- (Fig. 18). Enhanced adsorption of As (V) at low pH results from the 
interaction of negatively charged As (V) ions with the partial positive surface of the iron-
oxide (Pan et al. 2010).  
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Figure 18.. The speciation of As (V) as a function of pH. From  (Jeon et al. 2009) 
 
 The charge on the surface of iron-oxides results from the dissociation of the 
surface hydroxyl groups (Fig. 19). 
 
 
Figure 19. Development of charge at the iron oxide/solution interface (from Wang et al. 
2010). 
 
Furthermore, the surface charge of iron-oxide coated onto zeolitized tuff becomes 
more positive in acidic conditions due to protonation, resulting in an increase of 
adsorption sites for As (Jeon et al. 2009).  
 Sorption of As (V) onto soil constituents, such as aluminum and iron oxides, 
happens though an inner-sphere complex via a ligand-exchange mechanism (Lumsdon et 
al. 1984, Sun and Doner 1996, Waychunas et al. 1993). This means that As (V) ions 
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interacted with iron-modified tuff surfaces in acid/base equilibrium, where underlying 
Fe-ions acts as a Lewis acid by exchanging the hydroxyl ion for other ligands to form 
surface complexes. Interaction between the surface hydroxyl groups and protons as 
well as ligand exchange provides iron oxides with high affinity to both arsenate and 
arsenite, both of which are Lewis bases (electron pair donors).  
Sorption Uptake as a Function of Ionic Strength 
 Effect of ionic strength on As (V) sorption by natural and modified zeolitized tuff 
was examined by varying background electrolyte concentration between 0.01 M and 1 M 
NaNO3. Figures 16 and 17 illustrate the effect of ionic strength on the maximum sorption 
uptake of As (V) onto modified zeolitized tuff.  The residual concentrations of As (V) 
reported for experiments with similar settings except ionic strength value appear to be 
uniform. For example, experiments with initial As (V) concentration of 1X10-6 M 
(0.0749 mg/L), ionic strength of 0.01 M and pH 4 resulted in maximum sorption uptake 
of 100 ± 2% after 240 hours with 88% removed within fist hour of equilibration. By 
comparison, the experiment with the same parameters but an ionic strength of 1 M 
yielded similar sorption uptake within the same equilibration time (Fig. 16).    
 Reactors with alkaline conditions (pH 9) and a low concentration of As (V) 
(1X10-6 M; 0.0749 mg/L) yielded similar results at both ionic strengths, reaching a 
maximum sorption uptake of 48%, with approximately 40% removed during first 120 
hours. At a higher initial concentration of As (V) (1X10-4 M; 7.49 mg/L) and low ionic 
strength (I=0.01 M), maximum sorption was 13 ± 8% after 240 hours. Similarly, 
maximum sorption was 10 ± 2% when ionic strength was varied to 1 M.  
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 Reactors with neutral pH and high initial metal concentration (1X10-4 M; 7.49 
mg/L) showed varying levels of maximum sorption and equilibration time for different 
ionic strengths.  Experiments with an ionic strength of 0.01 M resulted in max sorption 
43 ± 6% after 120 hours of equilibration, while experiments with an ionic strength of 1 M 
yielded maximum sorption of 27 ± 8% after 240 hours, with 22% removed after 48 hours 
(Fig. 17).  
 Payne et al. (2005) designed similar sorption experiments with Fe-modified 
chabazite and clinoptilolite where ionic strength was varied by the addition of different 
concentrations of KNO3 (0.01 M, 0.1 M, and 1 M).. It was reported there that As sorption 
was enhanced with the addition of an electrolyte (KNO3) to a certain point, after which it 
declined. This effect was attributed to a positive surface charge being maintained from 
the potassium, which favored anion sorption. Matis et al. (1999) reported improved As 
(V) removal on goethite, especially in the alkaline pH range with increasing ionic 
strength (Matis et al. 1999). It was explained by the depression of negative solid charges, 
caused by the electrolyte, enhancing interactions between surface sites and arsenic 
oxyanions (Payne and Abel-Fattah 2005). However, the results obtained in this study 
(Fig. 16 and 17) do not show any significant increase in the sorption uptake as the 
concentration of electrolyte was varied. This could be explained by the fact that the 
electrolyte concentrations chosen for this study (0.01 M and 1 M) mark the boundary 
concentrations used by (Payne and Abel-Fattah 2005), thereby omitting values between 
where enhanced sorption might have been observed.  
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Sorption Uptake as a Function of Metalloid Concentration 
 Initial concentration of As was varied to determine how it would affect sorption 
uptake of the ions by 3 g/L of natural and modified zeolitized tuff. Sorption uptake for 
batch experiments with low As (V) concentration (1X10-6 M; 0.0749 mg/L), an ionic 
strength of 1 M and pH 4 was 100 ± 2%, 88 ± 2% of which was removed within the first 
hour. For the experiment with identical conditions and 1X10-4 M (7.49 mg/L) As (V) 
maximum sorption was reached in 240 hours and was 75 ± 1%.  
 
 
Figure 20. Sorption uptake as a function of metal concentration (I = 0.01M as NaNO3), 
where N – natural zeolitized tuff, M – modified zeolitized tuff. B – blank and value in 
parentheses – initial metal concentration.  
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Figure 21. Sorption uptake as a function of metal concentration (I = 1M NaNO3), where 
N – natural zeolitized tuff, M – modified zeolitized tuff. B – blank and value in 
parentheses – initial metal concentration.  
 
 Sorption in the experiment with 1X10-6 (0.0749 mg/L) As (V), ionic strength of 1 
M and pH 9 was 47% in 240 hours, while the experiment with higher arsenate 
concentration reached equilibrium in 48 hours with maximum sorption of 10 ± 2%. 
Fractional sorption uptake decreased from 47% at 1X10-6 M (0.0749 mg/L) As (V) to 10 
± 2% at 1X10-4 M (7.49 mg/L) As (V), as might be expected with higher total As (V) 
concentration. However, maximum sorption was also reached more quickly (within 48 
hours). For experiments with pH 7 and ionic strength of 0.01 M, maximum sorption was 
reached within 120 hours for both concentrations of As (V), but was significantly lower 
(43 ± 6% vs. 95 ± 4%) at higher As (V) concentration.  The same effect was observed in 
alkaline conditions (pH = 9), where maximum sorption decreased from 34 ± 6% to 13 ± 
8% at higher As (V) concentration. 
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CHAPTER 5 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS  
 This study was designed to test whether coating techniques previously applied to 
sand would be suitable for zeolitized tuff in promoting anion adsorption. It was also 
hypothesized that modification with iron-oxide coating would not adversely impact the 
natural CEC of the zeolite, thus making modified media suitable for both cation and 
oxyanion removal. 
 The zeolitized tuff was modified according to three different techniques, two of 
which were previously applied to sand. Both modified and natural media were 
characterized to determine particle size, CEC, specific surface area, particle morphology 
and mineralogy, as well as the intensity and distribution of the coating. These parameters 
were then used to compare modified and natural zeolitized tuff. 
Particle characterization revealed that iron-oxide coating was successfully applied 
onto the surface of zeolitized tuff, and preliminary assessment of the modified tuff 
showed high CEC and specific surface area, as well as a uniform distribution of iron on 
the surface, which made iron-oxide coated tuff a promising adsorbent for As and Sr. 
Backscatter electron images illustrated that iron-oxide coating was distributed throughout 
the surface in clusters, and therefore the concentration of iron varied between spectra. 
Mineralogical analyses by XRD confirmed the presence of hematite and goethite. Cation-
exchange capacity of modified zeolitized tuffs decreased relative to natural zeolitized tuff 
and was proportional to the concentration of iron used in each modification process. 
Reduction of CEC capacity in the modified samples was attributed to the reduction of 
cation-exchange sites due to the application of the iron-oxide coating. 
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Sorption capacity of the modified and natural zeolitized tuffs was determined by a 
set of parametric batch experiments, which were conducted as a function of pH, ionic 
strength, and the concentration of ions of interest. The adsorption of Sr onto both natural 
and modified zeolitized tuffs was approximately the same, as sorption was controlled by 
internal cation-exchange sites that were not compromised during the coating process. 
Sorption of Sr was, however, highly dependent on ionic strength. Sorption of As (V) onto 
natural zeolitized tuff was indistinguishable from zero, but iron-oxide coated zeolitized 
tuff proved to be an effective medium for As (V) removal, particularly under acidic 
conditions. Batch experiments indicated that sorption of As (V) was independent of ionic 
strength, and highly dependent on pH, which is consistent with formation of inner-sphere 
complexes. Experiments with 1X10-6 M As (V) revealed that at pH 4, the residual 
concentration of As was lower than the EPA threshold of 10 µg/L. The experiments with 
higher As (V) concentration (1X10-4 M) showed that although sorption uptake was rather 
high (82%), the residual concentration of As (~1.3 mg/L) was much higher than the safe 
drinking-water standard (10 µg/L). 
 Further investigation is needed to evaluate the competition between cations and 
anions for sorption sites on iron-oxide coated zeolitized tuff. Desorption experiments 
would also be beneficial to fully understand the efficiency of each adsorbent, based on its 
potential for reuse. Analysis of the iron content of supernatant would help constrain 
whether iron was released from the modified zeolitized tuff, and allow us to draw 
conclusions about the stability of the coating. Additional batch experiments with a wider 
range of pH values and ionic strength are needed to fully quantify the dependence of 
maximum sorption on these variables. Finally, further investigation is needed to 
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understand the competitive effect of common groundwater anions, such phosphate, 
silicate, carbonate, and sulfate on As removal by iron-coated zeolitized tuff. 
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APPENDIX 1 
MINERAL COMPOSITION OF NATURAL AND MODIFIED ZEOLITIZED TUFF 
 
Mineral Composition of Natural Zeolitized Tuff 
 
Position [°2Theta]
10 20 30 40 50 60 70
Counts
0
1000
2000
3000
4000
 Natural ZT
 
Position [°2Theta]
10 20 30 40 50 60 70
 Peak List
 01-070-1859
 01-086-0682
 01-076-0927
 Peak List
 Accepted Patterns
 
 
 
Ref. Code Compound Name Wt.% Chemical Formula 
01-070-1859 Clinoptilolite 35.6 Ca3.16 Si36 O72 ( H2 O )21.80 
01-086-0682 Sanidine 10.9 ( K0.831 Na0.169 ) ( Al Si3 O8 ) 
01-076-0927 Albite calcian low 53.5 ( Na0.84 Ca0.16 ) Al1.16 Si2.84 O8 
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Mineral Composition of MZT I. 
 
Position [°2Theta]
10 20 30 40 50 60 70
Counts
0
1000
2000
3000
 MZT I
 
Position [°2Theta]
10 20 30 40 50 60 70 80 90
 Peak List
 01-083-1368
 01-086-0682
 01-085-0599
 01-083-1261
 01-081-0462
 Peak List
 Accepted Patterns
 
 
 
Ref. Code Compound Name Wt. % Chemical Formula 
01-083-1368 Labradorite 49 Ca0.65 Na0.32 ( Al1.62 Si2.38 O8 ) 
01-086-0682 Sanidine 30 ( K0.831 Na0.169 ) ( Al Si3 O8 ) 
01-085-0599 Hematite 2 Fe2 O3 
01-083-1261 Clinoptilolite 17 Ca1.24 Na1.84 K1.76 Mg.2 Al6 Si30 O72 ( H2 
O )21.32 
01-081-0462 Goethite, syn 2 Fe O ( O H ) 
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Mineral Composition of MZT  II 
 
Position [°2Theta]
10 20 30 40 50 60 70
Counts
0
1000
2000
 MZT II
 
Position [°2Theta]
10 20 30 40 50 60 70
 Peak List
 01-079-0007
 01-078-0433
 01-079-1461
 01-071-0992
 Peak List
 Accepted Patterns
 
 
Ref. Code Compound Name Wt. % Chemical Formula 
01-079-0007 Hematite 4 Fe2 O3 
01-078-0433 Labradorite 54 Na0.45 Ca0.55 Al1.55 Si2.45 O8 
01-079-1461 Clinoptilolite 33 ( Ca1.8 Mg.16 Na4.24 K.28 ) ( Al8.16 
Si27.84 O72 ) ( H2 O )24.88 
01-071-0992 Sanidine 9 Na.56 K3.44 Al4 Si12 O32 
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Mineral Composition of MZT III. 
 
Position [°2Theta]
10 20 30 40 50 60 70
Counts
0
1000
2000
3000
 MZT III
 
Position [°2Theta]
10 20 30 40 50 60 70
 Peak List
 01-089-7539
 01-078-0434
 01-087-0681
 01-073-0603
 Peak List
 Accepted Patterns
 
 
Ref. Code Compound Name Wt. % Chemical Formula 
01-089-7539 Clinoptilolite 30 ( Na0.52 K2.44 Ca1.48 ) ( Al6.59 Si29.41 
O72 ) ( H2 O )28.64 
01-078-0434 Labradorite 37 Na0.45 Ca0.55 Al1.55 Si2.45 O8 
01-087-0681 Sandine high 24 ( K.86 Na.14 ) ( Al Si3 O8 ) 
01-073-0603 Hematite, syn 9 Fe2 O3 
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APPENDIX 2 
SUMMARY OF SORPTION RESULTS 
Sorption Data for Strontium Experiments Modified from the Lab Reports (Nat /Nat - d = 
natural zeolitized tuff/duplicate, Mod/Mod-d = modified zeolitized tuff/duplicate, 
Blank/Blank-d = blank/duplicate, IC = initial concentration of metal ions).  
 
Sr Concentration (mg/L) as a Function of Time. Solid Concentration 3 g/L. 
Batch # 1, IC 10E-4 M (8.762 mg/L), I=0.01 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 4.52 5.50 5.17 4.69 8.70 8.82 
12 2.87 2.90 2.61 1.30 7.93 8.75 
24 1.94 2.03 1.34 1.29 8.49 8.48 
48 1.61 3.24 1.20 1.01 9.32 8.90 
120 1.01 0.95 1.21 0.58 9.41 10.6 
Batch #2,  IC 10E-4 M (8.762 mg/L), I=0.01 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 4.33 4.14 3.03 2.21 7.56 8.73 
48 1.01 0.97 0.80 0.47 8.64 8.67 
120 0.69 0.70 0.62 0.38 8.91 8.85 
240 0.56 0.40 0.37 0.33 5.70 5.82 
Batch #3, IC 10E-4 M (8.762 mg/L), I=1 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 4.65 5.53 5.50 5.49 5.58 5.69 
48 5.64 5.62 5.18 5.14 5.64 5.67 
120 5.62 5.72 5.45 5.32 5.61 5.69 
240 5.53 3.86 5.48 5.43 5.89 5.84 
Batch #4,  IC 10E-4 M (8.762 mg/L), I=1 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 5.89 5.96 11.96 11.77 11.95 12.05 
48 11.97 11.88 10.50 11.32 9.58 4.51 
120 3.81 3.82 3.58 2.10 2.14 5.52 
240 8.10 8.31 8.25 8.54 8.68 8.34 
Batch #5,  IC 10E-4 M (8.762 mg/L), I=1 M, pH=4 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 12.1 11.1 8.76 12.6 9.41 5.22 
48 5.57 6.86 6.36 7.18 7.61 6.62 
120 6.57 6.55 6.67 6.77 6.81 10.6 
240 12.2 11.7 8.47 8.77 7.99 11.2 
Sr Concentration (mg/L) as a Function of Time. Solid Concentration 3 g/L 
(continued) 
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Batch #6, IC 10E-6 M (0.08762 mg/L), I=1 M, pH=4 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.21 0.19 0.21 0.19 0.16 0.14 
120 0.19 0.19 0.21 0.22 0.20 0.20 
240 0.22 0.24 0.23 0.22 0.19 0.22 
Batch #7, IC 10E-6 M (0.08762 mg/L), I=1 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.25 0.26 0.25 0.26 0.19 0.16 
120 0.22 0.24 0.28 0.22 0.21 0.19 
240 0.21 0.24 0.21 0.20 0.16 0.18 
Batch #8, IC 10E-6 M (0.08762 mg/L), I=1 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.24 0.24 0.24 0.23 0.19 0.15 
120 0.25 0.24 0.25 0.22 0.20 0.17 
240 0.23 0.22 0.27 0.23 0.19 0.20 
Batch #9, IC 10E-6 M (0.08762 mg/L), I=0.01 M, pH=4 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 <0.03 <0.03 <0.03 <0.03 0.12 0.11 
120 0.03 0.03 0.03 <0.03 0.10 0.12 
240 <0.03 0.03 0.05 <0.03 0.08 0.09 
Batch #10, IC 10E-6 M (0.08762 mg/L), I=0.01 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 <0.03 0.03 <0.03 <0.03 0.07 0.06 
120 0.03 0.04 0.03 0.03 0.09 0.06 
240 <0.03 <0.03 <0.03 <0.03 0.10 0.09 
Batch #11, IC 10E-6 M (0.08762 mg/L), I=0.01 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.04 <0.03 0.03 <0.03 0.09 0.10 
120 0.04 <0.03 <0.03 <0.03 0.07 0.06 
240 <0.03 <0.03 <0.03 <0.03 0.06 0.06 
Batch #12, IC 10E-4 M (8.762 mg/L), I=0.01 M, pH=4 
not available 
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Sorption Data for Arsenic Experiments Modified from the Lab Reports (Nat /Nat - d = 
natural zeolitized tuff/duplicate, Mod/Mod-d = modified zeolitized tuff/duplicate, 
Blank/Blank-d = blank/duplicate, IC = initial concentration of metal ions). 
  
As Concentration (mg/L) as a Function of Time. Solid Concentration 3 g/L. 
Batch # 1, IC 10E-4 M (7.492 mg/L), I=0.01 M, pH=4 
not available 
Batch # 2, IC 10E-4 M (7.492 mg/L), I=0.01 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 7.50 7.41 7.70 6.84 7.50 7.35 
12 7.61 8.00 6.98 6.92 8.14 8.11 
24 8.72 8.03 6.20 6.73 8.41 8.69 
48 8.60 8.45 6.12 6.31 8.14 8.63 
120 8.11 8.05 5.30 5.51 8.75 8.48 
Batch #3,  IC 10E-4 M (7.492 mg/L), I=0.01 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 7.18 7.36 6.92 6.78 7.09 7.23 
48 7.23 8.05 6.57 6.55 7.22 7.24 
120 0.00 0.00 0.00 0.00 0.00 0.00 
240 7.50 7.41 6.50 6.18 7.27 7.33 
Batch #4, IC 10E-4 M (7.492 mg/L), I=1 M, pH=4 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 6.71 6.95 5.48 5.58 6.79 7.00 
48 6.64 6.80 2.19 3.58 6.93 7.04 
120 6.61 6.56 1.47 2.57 6.79 6.79 
240 6.76 6.75 0.82 1.84 7.03 6.85 
Batch #5,  IC 10E-4 M (7.492 mg/L), I=1 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 6.25 6.34 6.05 6.55 6.85 6.95 
48 6.81 6.86 5.08 5.63 6.73 6.77 
120 6.77 6.70 4.58 5.29 6.76 6.69 
240 6.92 6.80 4.44 5.26 7.03 6.77 
Batch #6,  IC 10E-4 M (7.492 mg/L), I=1 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 7.57 7.27 6.81 6.73 6.81 6.86 
48 6.98 7.08 6.28 6.43 7.47 6.78 
120 6.89 6.92 6.22 6.22 6.64 6.81 
240 7.23 7.27 6.37 6.32 7.10 6.84 
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As Concentration (mg/L) as a Function of Time. Solid Concentration 3 g/L 
(continued). 
 
Batch #7, IC 10E-6 M (0.0749 mg/L), I=1 M, pH=4 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.0746 0.0718 0.004 0.015 0.0737 0.0739 
120 0.0668 0.0662 0.0019 0.0011 0.0784 0.0735 
240 0.0529 0.0544 0 0 0.0767 0.0746 
Batch #8, IC 10E-6 M (0.0749mg/L), I=0.01 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.0661 0.0667 0.0256 0.0394 0.0643 0.0746 
120 0.0641 0.0641 0.0023 0.0066 0.0767 0.073 
240 0.0587 0.0634 0.0017 0.0042 0.074 0.0735 
Batch #9, IC 10E-6 M (0.0749 mg/L), I=0.01 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.0747 0.0710 0.0590 0.0615 0.0641 0.0650 
120 0.0752 0.0716 0.0396 0.0482 0.0698 0.0738 
240 0.0676 0.0711 0.0341 0.0440 0.0704 0.0587 
Batch #10, IC 10E-6 M (0.0749 mg/L), I=1 M, pH=4 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.0690 0.0649 0.0061 0.0113 0.0643 0.0668 
120 0.0569 0.0562 0.0014 0.0011 0.0680 0.0626 
240 0.0502 0.0514 0.0000 0.0000 0.0615 0.0570 
Batch #11, IC 10E-6 M (0.0749 mg/L), I=1 M, pH=7 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.2150 0.2050 0.0710 0.0985 0.2065 0.2255 
120 0.2570 0.1955 0.0310 0.0470 0.1700 0.2550 
240 0.1655 0.1540 0.0270 0.0310 0.1565 0.0835 
Batch #12, IC 10E-6 M (0.0749 mg/L), I=1 M, pH=9 
time (hrs) Nat Nat-d Mod Mod-d Blank Blank-d 
1 0.1535 0.1520 0.1420 0.1540 0.1485 0.1540 
120 0.0870 0.0925 0.0595 0.0695 0.0970 0.0995 
240 0.0975 0.0930 0.0605 0.0580 0.0930 0.0955 
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